In a spring 2010 survey, we investigated the characteristics that in uenced whether California growers controlled major citrus pests with bene cial insects. We also performed statistical analysis of growers' reliance on Aphytus melinus, a predatory wasp, to control California red scale. The survey results suggest that growers with greater citrus acreage and more education are more likely to use biological control. Marketing outlets, ethnicity and primary information sources also in uenced the extent of reliance on bene cial insects. In Probit model analysis, respondents with greater citrus acreage were more likely to incorporate A. melinus into their pest management, as well as those with more education and higher-valued crops. Information sources and growing region also had statistically signi cant e ects.
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A lthough many university extension programs emphasize integrated pest management (IPM), it has been unevenly adopted across regions and crops, and chemical control is still the primary method in much of the United States (Smith and Kennedy 2002) . Encouragingly, many California citrus growers have incorporated biological control (biocontrol) -the use of predaceous, parasitic or pathogenic organisms -into their IPM programs. At the peak, in 1997, about 30% of citrus growers used biological control in the San Joaquin Valley, which contains the majority of California citrus acreage . Little data on citrus growers' biological or cultural pestcontrol decisions exist. To ll this gap and help Cooperative Extension programs promote the increased use of biological control, we surveyed California citrus growers in spring 2010 regarding their pest management decisions and analyzed the extent to which they used bene cial insects to help control the major citrus pests: California red scale, citrus red mite, citrus thrips and cottony cushion scale.
We surveyed growers in California's main citrus-growing regions, as categorized by UC Cooperative Extension (UCCE): the San Joaquin Valley (mainly the southeastern portion), CoastalIntermediate (San Luis Obispo County to the San Diego-Mexico border), Interior (western Riverside and San Bernardino counties and inland areas of San Diego, Los Angeles and Orange counties) and Desert (Coachella and Imperial valleys) (UCCE 2003) . We also included growers in the relatively small Northern citrus-growing region (Glenn and Butte counties).
Natural enemies of citrus pests
We inquired in detail about the use of biological control agents for four important citrus pests.
California red scale. California red scale sucks on plant tissue, damaging fruit, leaves, twigs and branches. Damaged fruit receive lower prices from packinghouses (Grafton-Cardwell et al. 2009 ). A parasitic wasp, Aphytus melinus, lays its eggs under California red scale, a primary citrus pest in the San Joaquin Valley and the Coastal-Intermediate and Interior regions. When the egg under the scale hatches, the larva eats the scale and the scale dies. Produced by commercial insectaries, A. melinus can be purchased and released relatively inexpensively (Fake et al. 2008; O'Connell et al. 2010; UC IPM 2003) . Some pesticides that control California red scale and other pests, such as citricola scale and a variety of ant species, negatively affect the wasp. Selective pesticides such as narrow range oil or the insect growth regulator pyriproxyfen have little effect on A. melinus, so the naturally occurring population is conserved.
Reliance on control provided by A. melinus in the San Joaquin Valley is hampered by climatic factors that impede its reproduction (Hoffmann and Kennett 1985; Kennett and Hoffmann 1985; Luck 1995; Yu and Luck 1988) . Other natural enemies include the parasitic wasps Aphytis lingnanensis and Comperiella bifasciata, which help control red scale in the Coastal-Intermediate and San Joaquin Valley regions, respectively. Several lady beetles also consume red scale (GraftonCardwell et al. 2009 ).
Citrus red mite. Citrus red mite, a primary pest in the San Joaquin Valley and Interior regions, feeds on citrus leaves, damaging them and causing leaf drop and twig dieback (Grafton-Cardwell et al. 2009 ). Several species in the Euseius genus of predatory mites, including E. tularensis, help control citrus red mite by consuming the pest. Euseius mites, when suf cient populations exist, are quite effective at reducing citrus red mite (Kennett et al. 1979; McMurtry et al. 1979) .
Citrus thrips. Citrus thrips puncture and feed on the rind of citrus, leaving scars that get larger as the fruit grow (Grafton-Cardwell et al. 2009 ). Several studies suggest that Euseius also provides some control of citrus thrips (Congdon and McMurtry 1988; Grafton-Cardwell et al. 1995 , 1999 Grafton-Cardwell and Ouyang 1995a) . However, Jones and Morse (1995) found evidence that thrips control by E. tularensis is limited. Unlike A. melinus, E. tularensis is not commercially available (Weeden et al. 2007 ). Euseius population levels tend to be higher on new growth, so growers can encourage populations through pruning, which stimulates new growth (GraftonCardwell and Ouyang 1995b) . They can also conserve Euseius populations by applying only selective pesticides, such as abamectin and spinosad (Success), when necessary for citrus thrips control (Grafton-Cardwell et al. 1995; Khan and Morse 2006) .
Cottony cushion scale. In the late 19th century, cottony cushion scale, an invasive pest, threatened to eliminate the California citrus industry. Cottony cushion scale reduces tree health by feeding on phloem sap from twigs, leaves and branches (Grafton-Cardwell et al. 2009 ). Entomologists went to Australia, where cottony cushion scale originated, to nd its natural enemies. In winter 1888-1889, the vedalia beetle (Rodolia cardinalis) was brought to California and released, and cottony cushion scale was under full control in areas of release by fall 1889 (Weeden et al. 2007) .
Vedalia beetle spread throughout the state's citrus-growing regions and completely controls cottony cushion scale, unless its populations are suppressed or eliminated by the application of pesticides that are toxic to it. Vedalia beetle is not sold commercially. However, few adults are required to establish a population; UC Pest Management Guidelines recommend collecting vedalia beetles at any stage of development from other orchards (Grafton-Cardwell et al. 2009 ).
Citrus grower survey
We obtained citrus grower addresses from agricultural commissioner of ces in 18 counties, which together contain 99.3% of California citrus acreage (USDA 2008 The survey was nine pages with 35 questions, including lling in tables of information, multiple-choice and open-ended questions. The survey was administered in 2010, and all the questions asked about the prebloom-to-harvest season of 2009. One section addressed the management of four major citrus pests (California red scale, citrus red mite, citrus thrips and cottony cushion scale) and whether any insecticides were applied if the pest was present. We asked about the presence of three important natural enemies; the degree of grower reliance on these natural enemies for pest control; and natural enemy releases during the season. Other questions addressed the implementation of cultural control methods, such as dust reduction, pruning, cover crops and sources of pest control information.
Other sections inquired about characteristics of the operation, including the amount of citrus acreage, acreage of other crops and livestock numbers, prices received and how much citrus was sold to various outlets. The nal set of questions addressed demographics, experience and the share of agricultural and citrus production in the household's total income.
Pest presence and biological control usage
Citrus thrips. Citrus thrips was the most common pest, with 54.8% of respondents reporting it present (table 2). Citrus thrips was most common in the San Joaquin Valley and least common in the Coastal-Intermediate region. Respondents were more likely to rely on insecticidal control for citrus thrips than other pests; 30.6% of all respondents (more than half of those with citrus thrips present) applied at least one insecticide for this pest, and insecticidal control was most common in the San Joaquin Valley.
California red scale. California red scale was the second most common pest, with 47.7% of all respondents reporting its presence (table 2). The pest was most common in the Northern Reliance on biological control. We asked growers about the degree to which they relied on vedalia beetle, A. melinus and E. tularensis for pest control. While 26.8% reported having vedalia beetle present (table 3) , only 17.7% reported any degree of reliance on it for cottony cushion scale control (table 4) . Reliance on vedalia beetle was most common in the San Joaquin Valley, where cottony cushion scale was most prevalent. For California red scale control, 26.3% relied on A. melinus to some extent. Only 18.9% of respondents reported relying on E. tularensis for citrus red mite or citrus thrips control; more than one-third reported they had citrus thrips or citrus red mite and had not relied on the predatory mite for control, which could be due to their not knowing that E. tularensis was present.
Determinants for using biocontrol
We performed a statistical analysis of three groups of respondents: (1) all respondents, (2) those who incorporated some biological control into their pest management programs and (3) those who released A. melinus. Although large standard errors for most variables prevented statistical signi cance of the difference in means, the survey results did show trends (table 5) . Respondents who relied to at least some extent on bene cial insects for control had substantially more citrus acreage than the average respondent. The average years of farming experience was slightly higher for respondents reporting some degree of reliance on A. melinus than for the average respondent, and even higher for those reporting some degree of reliance on vedalia beetle and E. tularensis.
Smaller shares of Asian and Latino respondents indicated any reliance on pest control provided by A. melinus. The The majority of survey respondents who reported having cottony cushion scale or California red scale also reported using biological control.
"other" ethnic group comprised a disproportionately large share of the groups that relied on vedalia beetle and E. tularensis compared to the entire sample. In terms of sales outlets, respondents who relied to some degree on bene cial insects sold a larger share of their output to packinghouses and a smaller share to processors and other outlets than the entire sample. Over half of all respondents (55.3%) said pest control advisers were their primary source of information, but 65.6% to 82.2% of those who relied on bene cial insects listed pest control advisers as their primary information source.
A. melinus probability analysis
We performed statistical analysis regarding two aspects of California red scale control for the subset of respondents who reported it present during the 2009 growing season. Using a Probit model, we modeled the probability that a grower relied mostly or entirely on A. melinus for California red scale control -either by using pesticides compatible with A. melinus, thereby conserving the bene cial insect, or by augmenting A. melinus through releases of commercially produced insects. Additionally, we modeled separately the probability that a grower chose to purchase and release A. melinus to augment a naturally occurring population. A Probit model measures the effects of predictor or explanatory variables on the probability of an outcome occurring (e.g., augmentation of A. melinus); the explanatory values we tested are listed in table 6.
Economic factors. Among the economic characteristics, an increase in the expected value of production per acre increased the probability that a respondent relied on A. melinus and that he or she released A. melinus. Both coef cients were statistically signi cant. Also, as the share of output sold to outlets other than processors and packinghouses -such as farmers markets, grocery wholesalers and restaurants -increased, respondents were less likely to make releases. The price effects of scale damage may differ for these outlets.
Acreage. Respondents with more acres of citrus were more likely to make releases than those with fewer acres, probably because of economies of scale. Releases must coincide with particular Pseudo-R squared 0.1898 0.2826 *, ** and *** indicate signi cance at the 10%, 5% and 1% levels, respectively. † For continuous variables, percentages reported indicate how increasing the explanatory variable by one unit from its mean a ects the probability that a grower relies mostly or entirely on A. melinus or releases A. melinus. For binary variables (organic, information source, female, ethnicity, region, cover crop, hedgerows), the percentage indicates how a move from the base category (e.g., white ethnicity) or absence of a characteristic (e.g., no cover crops) to that category (e.g., Asian ethnicity) or characteristic (e.g., cover crops present) a ects the probability that a respondent relies mostly or entirely on A. melinus or releases A. melinus. Binary variables for which no marginal e ect is given were removed from the model because for each of those variables, all growers in the category did not rely on or release A. melinus. A value of one for these binary variables perfectly predicts that the grower did not rely on A. melinus or release A. melinus, and the model cannot be estimated with perfect predictors. ‡ One grower reported making augmentative releases of A. melinus and relying on trade magazines for information but did not report degree of reliance on A. melinus.
stages in the California red scale cycle, and the quantity needed depends on existing populations, which are determined by population dynamics and previous releases. Additionally, some pesticides that provide control of common citrus pests are toxic to A. melinus, so growers must consider their entire pest management plan when relying on A. melinus (GraftonCardwell et al. 2009 ). For growers with many acres of citrus, the time needed to learn about and carry out A. melinus treatments is more likely to yield suf cient bene ts to justify the time investment than it is for growers with fewer acres. Education. Educational attainment had a positive and statistically signi cant effect on the likelihood that a respondent relied mostly or entirely on A. melinus to control citrus red scale. The effect of educational attainment, however, leveled off at the graduate degree level.
Information sources. Primary sources of pest control information were signicant predictors of both reliance on and releases of A. melinus. Respondents relying on Cooperative Extension agents were about 14% less likely to make releases than those relying on pest control advisers for their pest control information, and the effect was statistically signi cant.
Ethnicity. Grower ethnicity had statistically signi cant effects. Asian respondents were 24% less likely than white respondents to rely mostly or entirely on A. melinus, while Latino respondents were 44% more likely than white respondents to rely mostly or entirely on A. melinus. Respondents of "other" ethnicity were 21% less likely to make releases than white respondents.
Region. Hedgerows. The use of hedgerows (trees or shrubs planted around a eld of crops) decreased the likelihood that a respondent made releases, although only about 6% of respondents had hedgerows. Hedgerows may provide additional habitat or resources for bene cial insects or may buffer orchards from nearby use of pesticides toxic to A. melinus, decreasing the need for releases.
Opportunities for UCCE
We were able to derive a few implications about the use of biological control among citrus growers. First, many growers already incorporate biological control into their pest management plans. The majority of respondents who reported having cottony cushion scale or California red scale reported using biological control, although their degree of reliance on it varied by pest, region and respondent characteristics. Additionally, growers are willing to incorporate releases of commercially available natural enemies in their pest management plans, as evidenced by the quarter of all growers with California red scale who currently release commercially available A. melinus.
Besides A. melinus, other bene cial insects that we surveyed are not commercially available at this time. Vedalia beetle is not likely to be produced commercially. Given evidence that a variety of bene cial insects (including two generalist predators, lacewings and minute pirate bugs, which are currently commercially available) collectively provide some degree of biological control for citrus thrips, production and augmentative releases of E. tularensis may not be the most effective means of enhancing the biological control of citrus thrips or citrus red mite. Research suggests that pruning and leguminous cover crops help support larger populations of E. tularensis (Grafton-Cardwell 1997; Grafton-Cardwell and Ouyang 1995b) . Increasing the use of these practices and resources to attract and support a variety of natural enemies may be the most cost-effective approach to biological control of citrus thrips.
Consistent with economic theory, respondents whose operations and personal characteristics predicted that they had the largest potential gains from investments of time spent learning and implementing biological control were the ones who chose to rely on biological control. If the social bene ts of biological control (positive bene ts to the individual grower as well as nearby growers) exceed the bene ts to the individual grower, the adoption of biological control practices only by growers with an individual incentive Since its introduction in 1888-1889, the vedalia beetle has successfully controlled cottony cushion scale, an invasive pest that had threatened the California citrus industry.
to do so will result in too little biological control relative to the socially optimal level (the level at which regional pro ts are greatest). Comments from respondents provided anecdotal evidence of positive spillover effects from neighbors who released A. melinus, suggesting that the social bene ts are in fact greater than the private bene ts, at least in some instances.
To increase the net private bene t of using biological control, subsidies could be implemented in regions such as the Coastal-Intermediate region and parts of the San Joaquin Valley where it would be cost effective to control California red scale with A. melinus. Instead of directnancial subsidies, free training workshops or reminders about when key population life-cycle events are occurring in speci c regions could be effective.
Currently, UCCE provides training workshops and newsletters. Our analysis suggests that expanding them could advance the use of biological control; only about 4% of respondents relied on Cooperative Extension publications as their primary source of pest control information and only 13.5% relied on a Cooperative Extension agent. The results also suggest that efforts should be made to draw more growers away from reliance on farm and chemical suppliers for pest control information, perhaps by making other sources more accessible or appealing.
Lastly, the variation across ethnic groups merits consideration. Asian respondents were less likely to rely on A. melinus, and summary statistics suggest that Latino growers may rely less on pest control provided by bene cial insects than white growers, although this was not con rmed in the formal statistical analysis. At the time of our survey, detailed information on A. melinus releases could only readily be found in English, which favors growers whose rst language is English. While ethnicity should not be con ated with English-language skills, many Cooperative Extension documents in California are translated into various languages, suggesting that there are growers who bene t from information in other languages. Providing instructions on A. melinus releases in additional languages might make it easier for more growers to incorporate control provided by A. melinus into their pest management programs.
